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The Saccharomyces cerevisiae SEN1 gene codes for a nuclear, ATP-dependent helicase which is embedded in a complex network
of protein-protein interactions. Pleiotropic phenotypes of mutations in SEN1 suggest that Sen1 functions in many nuclear pro-
cesses, including transcription termination, DNA repair, and RNA processing. Sen1, along with termination factors Nrd1 and
Nab3, is required for the termination of noncoding RNA transcripts, but Sen1 is associated during transcription with coding and
noncoding genes. Sen1 and Nrd1 both interact directly with Nab3, as well as with the C-terminal domain (CTD) of Rpb1, the
largest subunit of RNA polymerase II. It has been proposed that Sen1, Nab3, and Nrd1 form a complex that associates with Rpb1
through an interaction between Nrd1 and the Ser5-phosphorylated (Ser5-P) CTD. To further study the relationship between the
termination factors and Rpb1, we used two-hybrid analysis and immunoprecipitation to characterize sen1-R302W, a mutation
that impairs an interaction between Sen1 and the Ser2-phosphorylated CTD. Chromatin immunoprecipitation indicates that the
impairment of the interaction between Sen1 and Ser2-P causes the reduced occupancy of mutant Sen1 across the entire length of
noncoding genes. For protein-coding genes, mutant Sen1 occupancy is reduced early and late in transcription but is similar to
that of the wild type across most of the coding region. The combined data suggest a handoff model in which proteins differen-
tially transfer from the Ser5- to the Ser2-phosphorylated CTD to promote the termination of noncoding transcripts or other
cotranscriptional events for protein-coding genes.

In eukaryotes, protein-coding genes and some noncoding genes
are transcribed by RNA polymerase II (Pol II). Transcription

occurs in three highly ordered stages: initiation, elongation, and
termination. Order is maintained in part through the complex
interplay between factors that bind to the C-terminal domain
(CTD) of Rpb1, the largest subunit of Pol II (21, 64). The CTD is
composed of heptad repeats with the consensus sequence
Y1S2P3T4S5P6S7 (12). The number of repeats varies in different
organisms. In the yeast Saccharomyces cerevisiae, the CTD is com-
posed of 26 heptad repeats, whereas there are 52 repeats in the
CTD in humans (62).

All three serine residues in the heptad repeats of the CTD are
dynamically phosphorylated and dephosphorylated during the
transcription cycle. The pattern of the phosphorylation of the
CTD coordinates the events of the transcription cycle by serving as
a binding scaffold for proteins needed at each stage of transcrip-
tion, with the phosphorylation state of the CTD determining
which factors bind and in what order. The process has been lik-
ened to a code that orchestrates the ordered assembly of factors
required for transcription and associated processes (6, 10, 13,
41, 43).

During initiation, a hypophosphorylated Pol II is recruited to
the promoter and the preinitiation complex is formed (38). Once
8 to 9 nucleotides have been transcribed (48), the CTD is phos-
phorylated at Ser5 by the transcription factor IIH (TFIIH) kinase
Kin28 (28, 47). The high levels of phosphorylated Ser5 promote
the association of CTD binding proteins needed for capping, his-
tone modification, and early termination (23, 28, 40, 47, 61).
Kin28 also phosphorylates the CTD at Ser7 when Pol II is close to
the 5= end of genes (2, 26).

As transcription continues and enters productive elongation,
the levels of phosphorylated Ser5 decrease and levels of phosphor-
ylated Ser2 increase (24, 28, 36, 54). The CTD kinases Bur1 and

CTDK1 phosphorylate the CTD at Ser2 (31, 35), and this change in
phosphorylation state allows for the association of other factors
involved in histone remodeling, RNA processing, and termination
(7, 32, 42). Overall, about 40 factors that interact with the CTD
during the transcription cycle differ in their requirements for the
status of the phosphorylation of the CTD (10, 14, 43, 44, 62, 65).

Sen1, an �252-kDa nuclear superfamily I RNA/DNA helicase,
is a CTD-binding protein (25, 55, 56). Mutations in SEN1 result in
pleiotropic phenotypes, including defects in transcription, DNA
repair, RNA processing, and snRNP assembly (15, 16, 45, 49–53,
55, 56, 63). Furthermore, Sen1 is part of a broad network of pro-
tein-protein interactions (39, 55) in which individual protein-
protein interactions direct Sen1 to function in different transcrip-
tional and/or cotranscriptional events (16). The N-terminal
segment upstream of the ATP-helicase motif contains domains
that interact not only with Rpb1 but also with Rad2, a DNA repair
enzyme, Rnt1, an enzyme involved in RNA processing, and
SmD3, a component of the Sm complex required for intron splic-
ing (1, 8, 9, 17, 19, 20, 30). Mutations that disrupt specific inter-
actions of Sen1 with Rpb1 or Rnt1 cause specific phenotypic de-
fects in transcription termination and RNA processing (16).

Interactions with Glc7, a protein phosphatase subunit of the
cleavage/polyadenylation factor, and Nab3, a heterogeneous ribo-
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nucleoprotein, require domains in a C-terminal segment of Sen1
(11, 39, 51). Sen1 acts in concert with Nab3 and Nrd1, a serine-
arginine (SR)-like CTD-associated factor (51), in the termination
of the transcription of nonpolyadenylated, noncoding Pol II tran-
scripts (4, 16, 39, 51, 52, 61). Sen1 binds directly to Nab3, which
binds directly to Nrd1, but Sen1 and Nrd1 do not physically in-
teract (11, 39, 51, 55).

The proper termination of most primary transcripts coding for
snoRNAs and snRNAs is believed to require a tripartite complex
consisting of Nrd1, Nab3, and Sen1 and the CTD of Pol II (16, 27,
51, 60). The formation of mature 3= ends of the primary tran-
scripts for noncoding RNAs depends on the nuclear exosome for
3= end trimming, which in turn requires the efficient Nrd1-depen-
dent termination of transcription (3, 59). Nrd1 binding to the
Ser5-phosphorylated CTD of Rpb1 coupled with the binding of
Nrd1 and Nab3 to an RNA consensus element are necessary to
promote termination (27, 51, 60).

To further understand how protein-protein interactions influ-
ence the function of Sen1 in transcription and related events that
occur during gene expression, we focused on the interactions of
Sen1 with different phosphorylated forms of the CTD of Rpb1 as
well as the interactions between Sen1, Nrd1, and Nab3 with re-
spect to the CTD. To accomplish this, we made use of a mutation
in Sen1, sen1-R302W, that specifically impairs the interaction be-
tween Sen1 and Rpb1 (16). The results suggest that Nrd1 and Sen1
interact with different phosphorylated forms of the CTD and that
Sen1 associates with Rpb1 by at least two mechanisms involving
either direct binding to the Ser2-phosphorylated CTD or through
indirect interaction with the Ser5-phosphorylated CTD as part of
the Nrd1-Nab3-Sen1 complex.

MATERIALS AND METHODS
Strains, plasmids, and growth conditions. Yeast strains and plasmids are
described in Table S1 in the supplemental material. In strains DUY1397,
DUY1531, and 46�, the SEN1 open reading frame (ORF) was modified by
inserting DNA coding for a C-terminal TAP or cMyc13 epitope tag (18,
34, 53). The mutant allele sen1-R302W results in a substitution of trypto-
phan (W) for arginine (R) at amino acid position 302 (see Fig. 2B). To
create sen1-R302W in plasmids pKC122 and pKC173, AGA in the coding
strand (nucleotides 1904 to 1906) was changed to TGG by site-directed
mutagenesis (Agilent) in plasmids pKW7 and pJF9, respectively, which
carry wild-type SEN1. The 26-mer CTD containing alanine substitutions
at Ser7 (pGAD-S2S5A7) was obtained by custom synthesis (MWG
Operon). pKC174 and pKC180 contain the Nrd1 and Nab3 ORFs cloned
into pGBDU-C1. pKC175, pKC178, pKC182, and pKC190 were created
by inserting DNA coding for an N-terminal GST or HA epitope tag in the
NRD1 or NAB3 ORF and placing the tagged ORFs under the control of the
ADH1 promoter. Epitope-tagged Sen1 was determined to be functional
through its ability to complement the temperature-sensitive phenotype of
a strain carrying sen1-1 (63). Epitope-tagged Nrd1 and Nab3 were shown
to be stably expressed and to engage in functional interactions, indicating
the production of functional proteins. Media and conditions for the
growth of yeast were described previously (55). Alleles carrying point
mutations were integrated into the genome by two-step gene replacement
(5, 46) and confirmed by DNA sequence analysis.

Standard two-hybrid interactions. Plasmids pGBDU-C1 and
pGAD-C1 were used to construct fusions for use in the standard two-
hybrid system (22, 55). Sets of GAD (Gal4 activation domain) and GBD
(Gal4 binding domain) fusions and plasmids representing empty vectors
were transformed into strain PJ69-4A, which carries two reporter genes,
HIS3 and ADE2, that are under the control of Gal4-inducible GAL1 and
GAL2 promoters, respectively (22). Plasmids carrying the GAD fusions
express LEU2, and those carrying the GBD fusions express URA3. The

GBD-Sen1 and GBD-Sen1-R302W fusions contain GBD fused to the first
565 amino acids of Sen1. GBD-Sen1-R302W contains a mutation causing
a substitution of arginine (R) for tryptophan (W) at position 302. The
GAD-Rad2 fusion contains DNA coding for amino acids 327 to 672 of
Rad2. The GAD-Rpb1 fusion contains DNA coding for amino acids 1497
to 1733 (the C-terminal domain [CTD]) of Rpb1. The GAD-Rnt1 fusion
contains DNA coding for amino acids 1 to 471 of Rnt1. Growth rates were
assayed by drop tests using serial dilutions of mid-log-phase cultures.
Five-microliter drops of undiluted and 5-, 25-, and 125-fold diluted cul-
tures were placed on solid medium and incubated for 3 days at 30°C. The
expression of the GAL1-HIS3 reporter was assayed on synthetic dextrose
(SD) medium lacking histidine, leucine, and uracil. Growth is expected
for all strains on medium lacking uracil and leucine, which selects for the
presence of the two-hybrid vectors.

Two-hybrid GAD-CTD-P fusions. We previously reported the devel-
opment of a novel two-hybrid system designed to detect interactions be-
tween proteins that bind to the CTD of Rpb1 in a manner that depends on
the phosphorylation of serine residues in Tyr1Ser2Pro3Thr4Ser5Pro6Ser7,
which is repeated 26 times in the CTD of S. cerevisiae (12, 57). Two-hybrid
plasmids expressing GAD-CTD-HA (hemagglutinin epitope) contain
substitutions of alanine for serine at Ser2, Ser5, or Ser7 within each repeat
(pGAD-A2S5S7, pGAD-S2A5S7, and pGAD-S2S5A7). The fusions include
18, 15, and 26 heptapeptide repeats, respectively. The two-hybrid fusions
were constructed as described previously (57).

Protein extraction. Cells were grown in the appropriate minimal me-
dium to an optical density at 600 nm (OD600) of �1.0. Cells then were
harvested at 4°C at 5,000 rpm for 10 min and washed once with water. The
pellet was resuspended in cold lysis buffer (30 mM HEPES, pH 7.5, 200
mM KOAC, 1 mM MgOAC, 1 mM EGTA, pH 8.0, 10% glycerol, 0.05%
Tween 20) with phenylmethylsulfonyl fluoride (PMSF), benzamidine hy-
drochloride, protease inhibitor cocktail (Sigma), and HALT phosphatase
inhibitor cocktail (Thermo Fisher Scientific) (33). The cell slurry was
added directly to a mortar filled with liquid nitrogen. The liquid nitrogen
was allowed to evaporate and the frozen yeast was ground with a pestle
until the yeast had the appearance of fine powder. The frozen yeast pow-
der was thawed on ice and then cleared by centrifugation at 18,000 rpm for
2 h at 4°C.

IP. Yeast lysates were quantified using the Bradford assay (Bio-Rad). A
50-�l aliquot representing the whole-cell extract or input was taken and
frozen at �80°C. Equal amounts of protein were used for each set of
immunoprecipitations (IP). For all experiments where RNase was used,
10 �g/ml RNase A (Sigma) was added to pre-IP lysates. Lysates were
allowed to bind the appropriate antibody overnight, with rotating at 4°C.
One hundred-�l protein G Sepharose 4 Fast Flow beads (GE Healthcare)
then were added to each IP and allowed to bind the antibody-antigen
complex for 2 h, with rotating at 4°C. Beads were collected by centrifuga-
tion at 1,500 rpm for 1 min and washed three times with 700 �l lysis
buffer. The beads were resuspended in 4� Laemmli sample buffer (29)
and heated at 50°C for 20 min. This nonstandard treatment was found to
prevent protein aggregation. The suspension was centrifuged for 10 min,
and the supernatant was transferred to new tubes and heated at 65°C for
10 min.

Western blotting. Proteins were detected by Western blotting as de-
scribed previously (16). Immunoprecipitated proteins were fractionated
on SDS-PAGE gels and transferred to nitrocellulose membranes (GE
Healthcare). Membranes were probed with the following antibodies:
mouse monoclonal anti-human influenza hemagglutinin (HA) (clone
HA-7; Sigma), mouse monoclonal anti-cMyc (clone 9E10; Sigma), rabbit
polyclonal anti-glutathione S-transferase (GST) (Sigma), and rabbit poly-
clonal anti-TAP (Thermo Fisher Scientific). Phosphospecific antibodies
against Rpb1p include rat monoclonal anti-RNA polymerase II-CTD-
Ser2-P (clone 3E10; Ascenion), anti-RNA polymerase II CTD-Ser5-P
(clone 3E8; Ascenion), anti-RNA polymerase II-CTD-Ser7-P (clone
4E12; Ascenion), mouse monoclonal anti-unphosphorylated RNA poly-
merase II (clone 8WG16; Covance), anti-RNA polymerase II CTD-Ser5-P
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(clone H14; Covance), and anti-RNA polymerase II CTD-Ser2-P (clone
H5; Covance). Secondary antibodies were horseradish peroxidase conju-
gated (Thermo Fisher Scientific) or fluorescently labeled (LI-COR). Pro-
teins bands were visualized by chemiluminescence (SuperSignal West
Pico chemiluminescent substrate; Thermo Fisher Scientific) or by infra-
red imaging (Odyssey imaging system; LI-COR).

ChIP. Chromatin immunoprecipitation (ChIP) was performed as de-
scribed previously (54), with some modifications. Briefly, anti-Rpb3
(Neoclone) or anti-cMyc (clone 9E10; no. sc-40; Santa Cruz Biotechnol-
ogy) antibody was added to yeast whole-cell extract (1:167 dilution for
anti-Rpb3 and 1:100 dilution for anti-cMyc) and incubated with mixing
at 4°C overnight. For TAP tag ChIPs, IgG beads (GE Healthcare) were
equilibrated with two 1-ml lysis buffer washes. Forty �l of a 50/50 IgG
resin (GE Healthcare) slurry was added to yeast whole-cell extract and
incubated with mixing at 4°C overnight. For ligation-mediated PCR, 40 �l
of purified ChIP DNA and 5 �l of purified DNA were blunted with T4
DNA polymerase (Fermentas) for 20 min at 12°C. DNA was purified by
phenol-chloroform-isoamyl alcohol (25:24:1) using 10 �g of glycogen as
the carrier and precipitated with 0.1 volumes of 3 M sodium acetate
(NaOAc) and 2.5 volumes of cold ethanol (EtOH). Samples were left at
�80°C for 30 min and centrifuged at 15,000 rpm for 15 min at 4°C. The
DNA pellet was washed with 10 volumes of 70% cold EtOH and centri-
fuged at 15,000 rpm for 5 min at 4°C. Liquid was removed, and the dry
DNA pellet was resuspended in 25 �l of nano-filtered water (nfH2O;
Sigma). Linkers were prepared by mixing 40 �M two oligonucleotides
(oJW102, GCGGTGACCCGGGAGATCTGAATTC; oJW103, GAATTC
AGATC) in 250 mM Tris HCl, pH 7.9, heating to 95°C for 5 min, and
cooling to room temperature. Two �M annealed linkers were ligated onto
both ends of the DNA with T4 DNA ligase (Fermentas) overnight at 16°C.
ChIP and input DNA with annealed linkers were precipitated from solu-
tion with 3 M NaOAc and cold EtOH as described above. The labeling of
ChIP and input DNA was carried out by PCR with 0.4 mM dATP, dCTP,
dGTP, and 800 �M dTTP. Forty �M Cy3-dUTP and Cy5-dUTP (Enzo
Life Sciences) were added to label input and ChIP DNA, respectively. PCR
was performed with the following steps: 55°C for 4 min, 72°C for 5 min,
95°C for 2 min, 95°C for 30 s, 55°C for 30 s, 72°C for 1 min, and 72°C for
4 min. The last three steps were cycled 31 times for ChIP samples and 33
times for input samples. Samples were purified with the QIAquick PCR
purification kit (Qiagen) and eluted from the column twice with 54 �l of
elution buffer. Dye incorporation was determined with a Nano Drop 1000
(Thermo Scientific). Microarray design, hybridization, data processing,
and data analysis have been previously described (54).

Calculation of Rpb1 occupancy. The fraction of relative RNA Pol II at
protein versus noncoding genes was estimated using RNA Pol II ChIP-
chip data (54). Pol II occupancy was averaged for all 6,575 ORFs and 82
Pol II-transcribed small nuclear RNAs and small nucleolar RNAs (Saccha-
romyces Genome Database). Genes with an average negative Pol II occu-
pancy over the corresponding ORF were discarded (587 ORFs and 2 non-
coding genes). The average values of Pol II occupancy for each gene were

added together to calculate total occupancy across the genome. A total Pol
II ChIP-chip signal of 95.5% was found at protein-coding genes.

RESULTS
Nrd1, Nab3, and Sen1 form a complex. Nrd1-Nab3 and Nab3-
Sen1 physically interact in the two-hybrid system (39, 60), sug-
gesting that two binary complexes form or that the two interac-
tions combined lead to the formation of a tripartite complex. If a
tripartite complex forms, then the three proteins should copurify.
To test this hypothesis, IP experiments were performed using pro-
tein extracts from a strain that coexpresses epitope-tagged HA-
Nrd1, GST-Nab3, and cMyc-Sen1 from centromeric plasmids and
a control strain lacking the plasmids.

Protein extracts were incubated with anti-cMyc antibodies in
the absence or presence of RNase. Proteins bound to Sepharose
beads were eluted, fractionated by gel electrophoresis, transferred
to membranes, and analyzed by Western blotting (Fig. 1A). When
membranes were probed with anti-cMyc antibodies, a band mi-
grating at �250 kDa, corresponding to cMyc-Sen1, was detected
in the strain expressing the epitope-tagged protein (Fig. 1A, lane
7) but not in the control strain (Fig. 1A, lane 5). When the same
membranes were probed with anti-GST antibodies, a band mi-
grating at �125 kDa, corresponding to GST-Nab3, was detected
(Fig. 1A, lane 7), indicating that Nab3 copurifies with Sen1. The
same membranes were also probed with anti-HA antibodies. A
band migrating at �70 kDa, corresponding to HA-Nrd1, was de-
tected (Fig. 1A, lane 7), indicating that Nrd1 also copurifies with
Sen1. When the experiment was performed in the presence of
RNase, both Nab3 and Nrd1 copurified with Sen1, indicating that
the interactions are not dependent on RNA (Fig. 1A, lanes 6 and
8). Taken together, the yeast two-hybrid experiments performed
by others (39, 60) and our IP experiments indicate that the three
proteins form a complex.

R302W amino acid substitution disrupts a physical interac-
tion between Sen1 and Rpb1. Previously reported two-hybrid
and IP experiments indicated that two members of the complex,
Nrd1 and Sen1, interact physically with the C-terminal domain of
Rpb1, the largest subunit of RNA polymerase II (49, 51, 55, 64,
65). The interaction domain in Sen1 was localized to the first 565
amino acids (Fig. 2A) (55). The combined results showing that
two of the three members of Nrd1-Nab3-Sen1 interact with Rpb1
suggest a potentially complex interplay with the transcription ma-
chinery.

To further examine the Sen1-Rpb1 interaction, conserved,
charged residues were identified in the first 565 residues of Sen1

FIG 1 Sen1, Nrd1, and Nab3 copurify as a complex. (A) Immunoprecipitation experiments performed using protein extracts from a strain that coexpresses
epitope-tagged HA-Nrd1, GST-Nab3, and cMyc-Sen1 and a control strain lacking the plasmids. Protein extracts were incubated with anti-cMyc antibodies, and
membranes were probed with anti-cMyc, anti-GST, and anti-HA antibodies to detect Sen1, Nab3, and Nrd1, respectively. Experiments were performed in the
absence (�) and presence (�) of RNase. The input lanes contain 0.2% of the total lysate. IP lanes contain 20% of the total lysate. (B) Immunoprecipitation
experiments were performed as described for panel A, except protein extracts came from a strain that coexpresses epitope-tagged HA-Nrd1, GST-Nab3, and
cMyc-Sen1-R302W and a control strain lacking the plasmids.
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using the phylogenetic comparison of sequences from closely re-
lated species of yeast. Mutations in conserved residues that reverse
or abolish the charge were constructed by site-directed mutagen-
esis (Materials and Methods) and screened by two-hybrid analysis
for the loss of interaction with three proteins, Rad2, Rnt1, and
Rpb1, which are known to interact with Sen1 domains in the first
565 amino acids (Table 1). Most of the mutations either had no
effect on any of the interactions or impaired all of the interactions.
However, three mutations were identified that specifically disrupt
a single interaction. E58K impaired the interaction with Rad2;
K128E impaired the interaction with Rnt1; and R302W impaired
the interaction with Rpb1 (Fig. 2B). The phenotypic effects of
K128E and R302W on the maturation of U5 snRNA and the ter-
mination of the transcription of SNR7 (coding for U5 snRNA),
respectively, were reported previously (16). In that study it was
also reported that sen1-R302W reduces the copurification of Sen1
and Rpb1 by IP in the presence of RNase. In this study, we further
characterized the Sen1-Rpb1 interaction and its impairment by
sen1-R302W. It was also found that sen1-R302W causes a slight

FIG 2 sen1-R302W selectively impairs the interaction of Sen1 with Rpb1. (A) Map of the SEN1 gene. The figure shows the locations of the N-terminal binding
regions for Rad2, Rnt1, Rpb1, and SmD3, the ATP helicase region and RNA binding domain, and the C-terminal binding regions for Glc7 and Nab3. (B) Amino
acid sequence surrounding the replacement of arginine (R) with tryptophan (W) at position 302. (C) Two-hybrid interactions of GBD-Sen1 and GBD-Sen1-
R302W with GAD-Rpb1, GAD-Rad2, and GAD-Rnt1 (see Materials and Methods). Growth on medium lacking histidine or adenine was assayed by drop tests
using serial dilutions of mid-log-phase cultures. Growth on medium lacking histidine, leucine, and uracil or leucine, uracil, and adenine indicates the activation
of GAL1-HIS3 or GAL2-ADE2 reporter, respectively. (D) Coimmunoprecipitation of Sen1 with Rpb1 (Materials and Methods). Sen1-R302W impairs the
binding of Sen1 to Rpb1 in the presence of RNase (� RNase). Lanes 5 and 6 were previously published (16) but are included for comparison. TAP, tandem affinity
purification tag. HA, influenza virus hemagglutinin tag.

TABLE 1 Effects of sen1 mutations on protein-protein interactionsa

Amino acid change

Growth status of interacting partner:

Rad2 Rnt1 Rpb1

E58K � � �
H77D �/� �/� �/�
C80Y � � �
K128E � � �
R139E � � �
W156E � � �
R197E � � �
K203E � � �
W250E � � �
H281D � � �
W300E � � �
R302W � � �
a Symbols: �, growth that is indicative of a protein-protein interaction; �, no growth,
which is indicative of no observed protein-protein interaction; �/�, diminished
growth compared to the wild type, which is indicative of a weaker protein-protein
interaction.
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growth impairment. Strain DUY1513, which carries sen1-R302W,
has a doubling time in rich undefined media of 2 h, whereas the
isogenic SEN1 strain BY4741 has a doubling time of 1.5 h (see
Table S1 in the supplemental material).

The two-hybrid system detects protein-protein interactions
when the GAL4 DNA binding domain (GBD) and GAL4 tran-
scriptional activation domain (GAD) in GBD and GAD fusions
are brought in proximity due to an interaction, activating report-
ers that result in growth on appropriate omission media (22).
Sen1 was previously reported to exhibit two-hybrid interactions
with Rpb1, Rad2, and Rnt1 (55). When GBD-Sen1 fusions coding
for the wild-type and R302W amino acid sequences were tested for
interaction with GAD-Rpb1, GAD-Rad2, and GAD-Rnt1 fusions,
we found that the substitution at position 302 severely reduced
growth compared to that of the wild type in strains expressing a
GAD-Rpb1 fusion (Fig. 2C, rows 1 and 2) but had no visible effects
on growth in strains expressing GAD-Rad2 or GAD-Rnt1 (Fig.
2C, rows 3 and 4 and rows 5 and 6, respectively). For Rpb1 and
Rad2, similar results were observed using two different reporters,
GAL1-HIS3 and GAL2-ADE2. The Rnt1 interaction was the weak-
est and was only detected using the GAL1-HIS3 reporter. Overall,
the results suggest that R302W affects the specific domain in Sen1
that is involved in the Rpb1 interaction without affecting other
nearby interaction domains.

To further characterize the effects of R302W on the Sen1-Rpb1
interaction, IPs were performed in the absence or presence of
RNase. Protein extracts from strains coexpressing epitope-tagged
HA-Rpb1 (hemagglutinin) with Sen1-TAP or Sen1-R302W-TAP
(tandem affinity) were incubated with anti-HA antibodies. Bound
proteins were eluted, fractionated by gel electrophoresis, and an-
alyzed by Western blotting using anti-HA and anti-TAP antibod-
ies (Fig. 2D). In the absence of RNase, both Sen1 and Sen1-R302W
copurified with Rpb1. However, in the presence of RNase only the
wild-type Sen1 protein was detected by Western blotting. The
failure of Sen1-R302W to copurify with Rpb1 suggests two possi-
bilities. The physical interaction between Sen1 and Rpb1 might
depend on the presence of RNA, presumably nascent transcripts.
Alternatively, Sen1 might associate with native transcription com-
plexes, including Rpb1, through two different mechanisms, one
due to direct protein-protein interaction with Rpb1 and the other
due to indirect RNA-dependent tethering to Rpb1. Copurification
with Rpb1 is abolished only when the direct and indirect interac-
tions are abolished.

Sen1 interacts with the Ser2-phosphorylated form of the
Rpb1 CTD in a modified two-hybrid system. Two-hybrid fusions
containing CTD repeats were engineered for use in a two-hybrid
assay designed to reveal phosphorylation-dependent binding to
the CTD. This system was shown previously to faithfully repro-
duce the known binding requirements of three CTD binding pro-
teins (57). Alanine substitutions were introduced in GBD-CTD
two-hybrid fusions separately at Ser2, Ser5, or Ser7 (Fig. 3A). West-
ern blots probed with antibodies that uniquely recognize phos-
phorylated forms of Ser2, Ser5, and Ser7 (10, 26) indicate that the
plasmid pS2S5S7 codes for a GAD-CTD fusion that is phosphory-
lated at all three positions, whereas alanine substitutions in the
fusions expressed from the plasmids pA2S5S7, pS2A5S7, and
pS2S5A7 abolish phosphorylation at Ser2, Ser5, and Ser7, respec-
tively (Fig. 3B). Not all two-hybrid fusions exhibited equal levels
of phosphorylation. For example, the fusion expressed from plas-
mid pS2A5S7 showed decreased levels of phosphorylation at Ser2

(Fig. 3B). However, the two-hybrid results described below indi-
cate that phosphorylation at Ser2 is above the threshold required
for Sen1 to interact with pS2A5S7 (Fig. 3C). Also, phosphorylation
at Ser7 was abolished in the two-hybrid fusions expressed from
plasmids pA2S5S7 and pS2A5S7 (Fig. 3B), which is consistent with a
previously reported suggestion that phosphorylation at Ser7 de-
pends on phosphorylation at Ser2 and Ser5 (2).

We tested the ability of Sen1 and Sen1-R302W to interact with
the GAD fusions described above (Fig. 3C, rows 1 to 10). Strains
coexpressing GBD-Sen1 and the GAD fusions containing phos-
phorylated Ser2 grew in the absence of histidine, indicating that
the GAL1-HIS3 reporter was activated through interactions, (Fig.
3C, rows 1 to 5). However, the alanine substitution at Ser2 pre-
vented growth (Fig. 3C, row 2). This result suggests that Sen1
interacts specifically with the Ser2-phosphorylated form of the

FIG 3 Interactions with phosphorylated forms of the Rpb1 CTD. (A) Two-
hybrid fusions between GAD and sequences coding for CTDs containing ala-
nine substitutions at Ser2, Ser5, and Ser7. (B) Western blotting of total protein
from strains expressing the GAD-CTD-HA fusions using antibodies that rec-
ognize Ser2-P, Ser5-P, and Ser7-P. (C) Two-hybrid interactions between GBD-
Sen1, GBD-sen1-R302W, GBD-Nab3, and GBD-Nrd1 with the GAD-CTD
fusions. GAL1-HIS3 served as the reporter. Serial dilutions of overnight cul-
tures were plated, and growth was scored after 3 days of incubation at 30°C.
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CTD in Rpb1. When the same experiment was performed in
strains expressing GBD-Sen1-R302W, none of the strains grew in
the absence of histidine (Fig. 3C, rows 6 to 10), suggesting that the
R302W substitution severely impairs the interaction between
Sen1 and the Ser2-phosphorylated CTD.

Since Sen1 can form a tripartite complex with Nab3 and Nrd1
(Fig. 1), we used the system described above to test for interactions
with strains coexpressing GBD-Nab3 or GBD-Nrd1 with the
GAD-CTD fusions (Fig. 3C, rows 11 to 20). None of the strains
expressing GBD-Nab3 grew in the absence of histidine (Fig. 3C,
rows 11 to 15), which is consistent with a previous report that
Nab3 does not directly interact with the CTD (11). Strains ex-
pressing GBD-Nrd1 grew in the absence of histidine (Fig. 3C, rows
16, 17, and 19), except when alanine was substituted for Ser5 (Fig.
3C, row 18). The results are consistent with a previous report that
Nrd1 binds to the Ser5-phosphorylated form of the CTD but fails
to bind directly to the Ser2-phosphorylated form of the CTD (61).
Furthermore, phosphorylation at Ser7 does not appear to be re-
quired for the binding of either protein to the CTD. Overall, these
results suggest that two components of the tripartite complex,
Sen1 and Nrd1, physically interact with different phosphorylated
forms of the CTD.

Copurification of Sen1-R302W with Ser2-phosphorylated
Rpb1 is severely reduced compared to wild-type Sen1. CoIP
studies were performed to examine the extent to which Sen1 and
Sen1-R302W copurify with each of the three phosphorylated
forms of Rpb1. Protein extracts from cells expressing epitope-
tagged cMyc-Sen1 or cMyc-Sen1-R302W were incubated with an-
tibodies that specifically recognize the Ser2-, Ser5-, and Ser7-phos-
phorylated forms of the Rpb1 CTD. Bound proteins were eluted,
fractionated by gel electrophoresis, and analyzed by Western blot-
ting using anti-cMyc and anti-Ser-P antibodies (Fig. 4).

In the presence of RNase, the relative amount of Sen1-R302W
that copurified with the Ser2-phosphorylated form of Rpb1 was
significantly reduced (P � 0.01) but not completely eliminated
(Fig. 4A). Residual Sen1-R302W is probably due to the copurifi-
cation of Sen1-R302W with Ser2-Ser5 doubly phosphorylated
repeats of the CTD, which are also recognized by the anti-Ser2

antibody used. When similar experiments were conducted using
anti-Ser5 and anti-Ser7 for IP, there was no significant reduction in
copurification caused by the Sen1-R302W amino acid substitu-
tion (Fig. 4B and C).

These results are consistent with the two-hybrid observations
(Fig. 3), suggesting that Sen1 binds to the Ser2-phosphorylated

FIG 4 Association of Sen1 with phosphorylated forms of Rpb1. Cells expressing epitope-tagged cMyc-Sen1 or cMyc-sen1-R302W were incubated with
phosphospecific antibodies against Rpb1-Ser2-P (A), Rpb1-Ser5-P (B), or Rpb1-Ser7-P (C) in the absence (�) or presence (�) of RNase and analyzed by
Western blotting. Membranes were probed with antibodies against the cMyc epitope tag. The amount of copurified Sen1 was measured by calculating the
ratio of cMyc-Sen1 or cMyc-Sen1-R302W to the Ser2-, Ser5- and Ser7-phoshorylated forms of the Rpb1 CTD. In cells expressing Sen1-R302W, the
addition of RNase results in a drastic decrease in the amount of Sen1 that copurifies with Rpb1-Ser2-P (A). The sen1-R302W mutation had no effect on
the amount of Sen1 copurifying with Rpb1-Ser5-P or Rpb1-Ser7-P regardless of RNase being present (B and C). Error bars and P values are based on three
experiments.
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form of Rpb1, and that binding is severely reduced by the R302W
amino acid substitution. In the absence of RNase, statistically sim-
ilar amounts of Sen1 and Sen1-R302W copurified with all three of
the Rpb1 phosphorylated forms, suggesting that Sen1 is tethered
to the transcription machinery by additional mechanisms unre-
lated to the binding of Sen1 to the Ser2-phosphorylated form of
Rpb1.

Nrd1-Nab3-Sen1 complex is not disrupted by Sen1-R302W.
To test whether Sen1-R302W still could associate with Nrd1 and
Nab3, we performed IP experiments as described for Fig. 1A, ex-
cept that protein extracts were from a strain that coexpresses
epitope-tagged HA-Nrd1, GST-Nab3, and cMyc-Sen1-R302W
from centromeric plasmids and a control strain lacking the plas-
mids (Fig. 1B). The membranes were probed with anti-cMyc, an-
ti-GST, or anti-HA. Similarly to the experiment described above
using cMyc-Sen1 (Fig. 1A), HA-Nrd1 and GST-Nab3 both coim-
munoprecipitated with cMyc-Sen1-R302W (Fig. 1B, lanes 7 and
8). This indicates that while R302W impairs the binding of Sen1 to
the Ser2-phosphorylated CTD, the amino acid substitution does
not appear to affect the assembly or stability of the Nrd1-Nab3-
Sen1 complex.

Association of Nrd1 and Nab3 with Rpb1 is not altered by
Sen1-R302W. Since Nrd1 binds to Ser5-phosphorylated Rpb1
(61) and Sen1 binds to the Ser2-phosphorylated form, the tripar-
tite Nrd1-Nab3-Sen1 complex could associate with two different
phosphorylated forms of Rpb1. If the complex is bound to phos-
phorylated Ser2, then the loss of the binding of Sen1-R302W to

phosphorylated Ser2 should impair the association of the entire
complex with phosphorylated Ser2. If Sen1 is bound to phosphor-
ylated Ser2 by itself without being associated with Nrd1 and Nab3,
then R302W should have no effect on copurification of Nrd1 and
Nab3 with Rpb1.

To distinguish between these possibilities, IP experiments were
performed in strains carrying either SEN1 or sen1-R302W using
antibodies that recognize each of the three phosphorylated serine
residues in the CTD. The strains expressed either HA-Nrd1 or
HA-Nab3 from centromeric plasmids. The IP lysates were ana-
lyzed by Western blotting using anti-HA antibodies. In the pres-
ence of RNase, sen1-R302W had no significant effect (P � 0.05) on
the relative amounts of Nrd1 that associate with Ser2-, Ser5-, or
Ser7-phosporylated Rpb1 (Fig. 5A, B, and C, respectively). More
Nrd1 associated with Ser2- and Ser7-phosphorylated Rpb1 when
RNase was omitted, but no significant change was observed when
SEN1 and sen1-R302W were compared (Fig. 5A and C). The re-
sults suggest that Sen1 is bound by itself to Ser2-phosphorylated
Rpb1 without forming a complex with Nrd1. Using the same strat-
egy, it was also found that sen1-R302W had no effect on the asso-
ciation of Nab3 with any of the phosphorylated forms of Rpb1 in
either the presence or absence of RNase (Fig. 6).

sen1-R302W perturbs transcriptional occupancy of Sen1.
Our IP experiments suggest that Sen1 binds to the Ser2-phosphor-
ylated CTD for reasons unrelated to transcription termination
and without being associated with Nrd1 and Nab3. However, at
odds with this result is the previously reported finding that sen1-

FIG 5 Copurification of phosphorylated forms of Rpb1 with Nrd1. SEN1 or sen1-R302W strains expressing HA-Nrd1 were incubated with phospho-specific
antibodies against Rpb1-Ser2-P (A), -Ser5-P (B), or -Ser7-P (C) in the absence (�) or presence (�) of RNase and were analyzed by Western blotting. Membranes
were probed with antibodies against HA epitope tag. The amount of copurified HA-Nrd1 was measured by calculating the ratio of HA-Nrd1 to the Ser2-, Ser5-,
and Ser7-phoshorylated forms of the Rpb1 CTD. sen1-R302W had no effect on the amount of Nrd1 that copurified with Rpb1-Ser2-P, Rpb1-Ser5-P, or
Rpb1-Ser7-P (A, B, and C). Error bars and P values are based on three experiments.
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R302W causes the transcriptional readthrough of the noncoding
gene SNR7 (16). To further explore the basis of the discrepancy,
genome-wide occupancy profiles of Sen1 and Sen1-R302W were
examined via chromatin immunoprecipitation and tiling mi-
croarray analysis that covers the entire yeast genome (ChIP-chip).
Specifically, ChIP-chip experiments were performed to assess
whether sen1 and sen1-R302W are differentially distributed be-
tween different classes of genes (Fig. 7).

We examined genome-wide Pol II-Ser2-P, Pol II-Ser5-P, Pol
II-Ser7-P, Sen1, and Sen1-R302W occupancy and focused on
genes with uniformly high levels of Pol II over the transcription
unit, as done previously (54) (Fig. 7). SNR78-72 and PSA1 are
shown as representative noncoding (Fig. 7A) and protein-coding
genes (Fig. 7B), respectively. For the SNR78-72 polycistronic
snoRNA gene cluster, Sen1 and Ser2-P profiles coincide across the
gene, which is consistent with Sen1 associating with the Ser2-
phosphorylated form of Rpb1 (Fig. 7A, bottom). The Sen1-
R302W profile also coincides with the Ser2-P profile at the pro-
moter, but it quickly deviates near the transcriptional start site
(TSS) (Fig. 7A, bottom). While Ser2-P and Sen1 enrichment is
observed at the 5= end of the gene, Sen1-R302W levels are much
lower. Although an increase in Sen1-R302W occupancy is ob-
served over the middle of the transcription unit, Sen1-R302W
levels still remain lower than both Sen1 and Ser2-P levels. All three
signals decrease toward the 3= end of the gene.

On PSA1, a protein-coding gene, a different Sen1 profile was

observed (Fig. 7B, bottom). Ser2-P, Sen1, and Sen1-R302W pro-
files coincide at the promoter. Early in transcription, Sen1-R302W
shows lower occupancy than Sen1, but it rapidly recovers as tran-
scription proceeds into the PSA1 ORF. Near the end of the ORF,
Sen1-R302W occupancy begins to decline more precipitously
than that of Sen1, even though Ser2-P levels are still relatively high.
All of the signals become diminished at the 3= end of the gene near
the cleavage and polyadenylation site (Fig. 7B, bottom panel).

To assess the global nature of these patterns, the average occu-
pancy profiles of Sen1 and Sen1-R302W were compared across
noncoding and protein-coding genes (Fig. 8). The entire tran-
scription unit was divided into five bins across noncoding genes
(RNA Pol II-transcribed small nuclear and small nucleolar RNA
genes) at least 160 bp in length (Fig. 8A, top and middle) or into 10
evenly scaled bins across 60 protein-coding genes isolated from
neighboring elements by at least 400 bp (Fig. 8B, top and middle)
(54). For noncoding genes, Sen1-R302W occupancy was signifi-
cantly lower across the transcription unit (Fig. 8A, middle), which
is consistent with the profiles seen for SNR78-72 (Fig. 7). For
protein-coding genes (Fig. 8B, middle), Sen1-R302W levels were
lower than Sen1 levels in the early regions of the transcription
unit, but the levels of mutant Sen1 recover and coincide with the
wild type across the transcribed unit up to the point where Ser2-P
is maximal (Fig. 8A, top and middle), as was observed for PSA1
(Fig. 7). Beyond that point, the occupancy of the mutant protein
declines precipitously compared to that of the wild type (Fig. 8B,

FIG 6 Copurification of phosphorylated forms of Rpb1 with Nab3. SEN1 or sen1-R302W strains expressing HA-Nab3 were incubated with phosphospecific
antibodies against Rpb1-Ser2-P (A), Rpb1-Ser5-P (B), or Rpb1-Ser7-P (C) in the absence (�) or presence (�) of RNase and were analyzed by Western blotting.
Membranes were probed with antibodies against HA epitope tag. The amount of copurified HA-Nab3 was measured by calculating the ratio of HA-Nab3 to the
Ser2-, Ser5-, and Ser7-phoshorylated forms of the Rpb1 CTD. sen1-R302W did not have an effect on the amount of Nab3 that copurified with Rpb1-Ser2-P,
Rpb1-Ser5-P, or Rpb1-Ser7-P (A, B, and C). Error bars and P values are based on three experiments.
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middle). The quantification of the data revealed that total Sen1-
R302W levels were significantly lower than those of Sen1 on non-
coding genes (P � 1.09 � 10�31, � � 0.01) (Fig. 8A, bottom), but
there was no significant difference between the wild type and the
mutant for protein-coding genes (P � 0.039, � � 0.01) (Fig. 8B,
bottom).

DISCUSSION
Sen1-Rpb1 interactions. An interaction of Sen1 with the CTD of
Rpb1 based on two-hybrid and IP experiments was reported pre-
viously (55). However, it was not known at that time whether the
phosphorylation of the CTD was important for the Sen1-Rpb1
interaction. In this report, we analyzed the interactions of Sen1
and Sen1-R302W with protein partners using standard two-hy-
brid assays, a modified two-hybrid assay developed to detect bind-
ing to specific phosphorylated forms of the CTD (57), co-IP ex-
periments, and genome-wide analysis using ChIP-chip.

Standard two-hybrid tests indicate that sen1-R302W reduces
the interaction with Rpb1 based on the growth-dependent activa-
tion of the reporter GAL1-HIS3 or GAL2-ADE2. However, inter-
actions with two other partners, Rad2 and Rnt1, were not affected
by sen1-R302W when the interactions were monitored using the
same reporters. These results are consistent with a previous report
based on co-IP experiments showing that sen1-R302W had no
effect on the Sen1-Rnt1 interaction (16). The binding defect
caused by sen1-R302W therefore appears to be specific for Rpb1.

The nature of the interaction between Sen1 and Rpb1 was fur-
ther illuminated using a series of two-hybrid fusions designed to
discriminate which phosphorylated form of the CTD is required
for Sen1 binding (57). The GAD-CTD fusions have two important
features: all three serine residues are phosphorylated, and alanine

substitutions in each repeat at Ser2, Ser5, or Ser7 abolish phosphor-
ylation at the appropriate serine residue. Using these fusions, we
found that Sen1 interacts with Rpb1 only when Ser2 is phosphor-
ylated. Furthermore, the R302W substitution abolished the inter-
action even when Ser2 is phosphorylated. Overall, the results sug-
gest that Sen1 preferentially binds to the Ser2-phosphorylated
form of the CTD of Rpb1 and that sen1-R302W impairs the inter-
action.

Immunoprecipitation experiments designed to examine the
extent to which Sen1 or Sen1-R302W copurifies with Rpb1 re-
vealed another level of complexity to the Sen1-Rpb1 interaction
that two-hybrid tests were unable to address. When HA-tagged
Rpb1 was immunoprecipitated, the copurification of Sen1 was
insensitive to RNase, indicating that the interaction is most likely
due to a protein-protein interaction. However, RNase was re-
quired to impair the Rpb1-Sen1-R302W interaction (Fig. 2).
Thus, Sen1 is tethered to Rpb1 by at least two modes: through the
Ser2-P CTD mark and through RNA. The results were corrobo-
rated by additional experiments using anti-Ser-P-specific anti-
bodies to immunoprecipitate Rpb1 (Fig. 4). In these experiments,
the R302W substitution significantly reduced the level of copuri-
fication only when RNase was present.

Overall, the combined results suggest that Sen1 interacts with
Rpb1 through at least two independent mechanisms. One de-
pends on a direct protein-protein interaction between Sen1 and
Rpb1. We propose that the other depends on RNA tethering to
actively transcribing RNA polymerase II. Although we cannot be
sure, the RNAs responsible for tethering are presumably nascent
transcripts. Since Sen1 is a helicase with a nucleic acid binding
domain, Sen1 might bind to nascent transcripts while simultane-

FIG 7 Strain carrying sen1-R302W causes altered transcriptional occupancy of Sen1. ChIP-chip traces of Ser2-P, Ser5-P, and Ser7-P (top panels) and Sen1-cMyc,
Sen1-R302W-TAP, and Ser2-P CTD (bottom panels) over the polycistronic snoRNA cluster SNR78-72 (A) and the protein-coding gene PSA1 (B). Black arrows
denote the transcriptional start sites (TSS). Black bars within the transcribed region show the mature snoRNA transcripts in SNR78-72 and the protein-coding
region of PSA1. In PSA1, the blue bar denotes the cleavage and polyadenylation site. The scale used for the right y axis corresponds to the Ser5-P profile.
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ously engaging in direct binding to the Ser2-phosphorylated CTD
of Rpb1.

Sen1-Nab3-Nrd1 interactions with Rpb1. Previous reports
indicate that Nrd1 binds to the Ser5-phophorylated CTD (61).
Consistently with this report, our phosphorylated GAD-CTD fu-
sions indicate that substitution of serine at position 5 with alanine
abolishes the Nrd1-CTD interaction. Additionally, TAP purifica-
tion and mass spectrometry have confirmed that Sen1 associates

with Nrd1 and Nab3 along with several other proteins involved in
transcription termination (39, 60). Using IP, we provide addi-
tional confirmation that all three proteins copurify in the presence
of RNase as a native complex. Taken together, the results suggest
an interesting scenario where two components of the Sen1-Nab3-
Nrd1 complex interact with two different phosphorylated forms
of the CTD, suggesting the possibility of two different ways Sen1
and/or the tripartite complex could be bound to the CTD.

FIG 8 Genome-wide comparison of the distributions of Sen1 and Sen1-R302W. (A) Profiles show the average distribution of Ser2-P and Ser5-P occupancy (top
panel) and Sen1 and Sen1-R302W occupancy (middle panel) across noncoding genes (nc genes). The scale used for the right y axis corresponds to the Ser5-P
profile. Black arrows denote the transcriptional start site. Bins within the transcribed region are equivalent to 20% of the transcribed region length. The bottom
panel shows histograms of average Sen1 and Sen1-R302W occupancy at noncoding genes. Curves are the scaled probability density plots for the observed data.
P values (n � 82, � � 0.01) were derived by pairwise t tests. (B) Profiles show the average distribution of Ser2-P and Ser5-P occupancy (top panel) and Sen1 and
Sen1-R302W occupancy (middle panel) across protein-coding genes (pc genes). The scale used for the right y axis corresponds to the Ser5-P profile. Black arrows
denote the transcriptional start site. Bins within the transcribed region are equivalent to 10% of the transcribed region length. The blue bar represents the cleavage
and polyadenylation site. The bottom panel shows histograms of average Sen1 and Sen1-R302W occupancy at protein-coding genes. Curves are the scaled
probability density plots for the observed data. P values (n � 60, � � 0.01) were derived by pairwise t tests.
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Because sen1-R302W impairs the interaction of Sen1 with the
Ser2-phosphorylated CTD, we performed experiments to ask
whether impaired binding affects the stability of the tripartite
complex. Immunoprecipitation experiments indicate that this is
not the case, since Nab3 and Nrd1 copurify equally well in the
presence of wild-type or mutant Sen1. If the tripartite complex can
associate with the CTD through the binding of Sen1 to the Ser2-
phosphorylated CTD, then sen1-R302W should reduce the extent
of copurification of all three proteins when anti-Ser2 antibodies
are used to IP Rpb1. The results show that sen1-R302W signifi-
cantly reduces the copurification of mutant Sen1 in an anti-Ser2 IP
in the presence of RNase, but Nab3 and Nrd1 were not signifi-
cantly reduced. None of the three proteins were reduced in IPs
using anti-Ser5 or anti-Ser7 antibodies. These results suggest
that Sen1 is bound alone when associated with the Ser2-phosphor-
ylated CTD. This would not preclude that it might also be bound
as part of the tripartite complex associated with the CTD through
Nrd1 binding to the Ser5-phosphorylated CTD. Two modes of
Sen1 association with Rpb1 could reflect other functions for Sen1
in DNA repair (37) or RNA processing (16, 55, 58). However, it
was previously reported that sen1-R302W causes a defect in the
termination of SNR7 coding for U5 snRNA, leading to the accu-
mulation of a readthrough transcript (16). Thus, the binding of
Sen1 must be important for the termination of transcription of
noncoding genes like SNR7.

Coding versus noncoding genes. To clarify the complexities,

we performed ChIP-chip experiments to examine the distribution
of Sen1 across all genes. For noncoding genes, the analyses show
that the average level of wild-type Sen1 occupancy parallels the
level of Ser2-phosphorylated Rpb1. The sen1-R302W mutation
causes a global decrease in occupancy across the entire length of
noncoding genes. Given that sen1-R302W has been shown to af-
fect transcription termination of the noncoding SNR7 gene (16),
the reduced occupancy is most likely related to the role of Sen1 in
termination, as described below.

For protein-coding genes, the average occupancy of Sen1
across most of the length of the coding regions is relatively unaf-
fected by sen1-R302W. However, the close examination of wild-
type and mutant profiles reveals reduced occupancy of sen1-
R302W within the first 500 bp upstream of the transcription start
site as well as reduced occupancy near the ends of ORFs. The
normal levels of occupancy across most of the coding region could
reflect the presence of Sen1 as part of a Sen1-Nab3-Nrd1 tripartite
complex bound through Nrd1 to Ser5-P, while the precipitous
decline in sen1-R302W levels observed late in transcription, where
phosphorylated Ser5 is in slow decline but phosphorylated Ser2 is
still near its peak, is most likely due to the impaired binding of
mutant Sen1 to Ser2-P. Reduced occupancy early in transcription
suggests a transient recruitment defect, but the underlying con-
nection between this effect and the impaired binding of Sen1-
R302W to Ser2-P is not yet clear, since the levels of Ser2 phosphor-

FIG 9 Alternative models for the association of Sen1 with Rpb1. The figure shows alternative ways Sen1 might associate with the Ser2-phosphorylated C-terminal
domain (CTD) when protein-coding and noncoding genes are being transcribed. For both sets of genes, it is assumed that Sen1 associates with the Ser5-
phosphorylated CTD through its interaction with Nab3-Nrd1 near gene promoters. Later in transcription, the complex transfers to increasing levels of Ser2-P
through its interaction with Sen1 (A, left, and B). Once Ser2-P reaches the higher levels found in coding genes, Nrd1-Nab3 dissociates and Sen1 can remain bound
(A, right, and B). The black arrow in panel B denotes the transcriptional start site, and the blue bar denotes the cleavage and polyadenylation site.
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ylation are low and Sen1-R302W has no obvious effect on the
assembly or stability of the tripartite termination complex.

Multiple modes of binding and multiple functions for Sen1.
Our results, combined with the results of others, support the view
that Sen1 associates with the CTD of Rpb1 in at least two ways, as
a subunit of the Nrd1-Nab3-Sen1 complex bound to the Ser5-
phosphorylated CTD and through the direct interaction of Sen1
with the Ser2-phosphorylated CTD. When differences between
coding and noncoding genes are considered, two models of Sen1
association with Rpb1 can be predicted (Fig. 9A). For both pro-
tein-coding and noncoding genes, the Nrd1-Nab3-Sen1 complex
could associate with Pol II early in transcription through the bind-
ing of Nrd1 with the Ser5-phosphorylated CTD (61). Our data
support the view described in Fig. 9 that Sen1 may bind to the
Ser2-phosphorylated CTD by itself during the transcription of
protein-coding genes or in complex with the other partners
during the transcription of noncoding genes. This model is
consistent with previous reports that the tripartite termination
complex is not generally involved in the termination of pro-
tein-coding genes and might be released when Ser5 is dephos-
phorylated (61). An inherent feature of the model is that a
hand-off occurs during transcription where all three proteins
(noncoding genes) or Sen1 alone (coding genes) transfers from
a Ser5- to a Ser2-phosphorylated CTD (Fig. 9B).

The underlying basis of the different transfer events pro-
posed to occur for coding versus noncoding genes is not yet
clear. One idea is suggested by the interaction between Sen1
and the protein phosphatase Glc7 (39). If Sen1 itself undergoes
a phosphorylation-dephosphorylation cycle that is linked in
some way to levels of Ser2-P, then different modes of transfer
from Ser5-P to Ser2-P might be coupled to high levels of Ser2-P
for protein-coding genes versus low levels for noncoding genes.

The binding of Sen1 by itself to Ser2-P during the transcription
of protein-coding genes might serve a purpose other than termi-
nation. For example, it could play a role in DNA repair given that
Sen1 binds to Rad2, a DNA excision enzyme involved in repair,
and that sen1 mutants cause synthetic growth defects in response
to DNA-damaging agents when combined with deletions of genes
required for repair (55). Also, Sen1 was recently implicated in
protection from DNA damage caused by R-loops (37). Further
studies will be required to test this model.
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